The architecture of the various secondary lymphoid organs is closely coupled to the circulation of lymphocytes at these tissues. The main elements of blood vasculature in lymph nodes and Peyer's patches are the high endothelial venules (HEVs), which mediate leukocyte homing through the binding of L-selectin expressed on leukocytes. Besides their blood circulation, lymph nodes are also richly perfused by lymphatic vasculature, characterized by the expression of LYVE-1 hyaluronan receptor (Prevo et al. 2001) and Prox1 (Prospero homeobox protein 1) transcription factor (Wigle and Oliver 1999; Wigle et al. 2002) , a fate-determining regulator for the embryonic differentiation of lymphatic endothelial cells (LECs).
The vascular pattern and thus the structure of the spleen considerably differ from those of peripheral lymph nodes or Peyer's patches. The splenic artery divides into smaller branches termed central arterioles, which are surrounded by T-cell area. Subsequent segments of these central arterioles continue through the B-cell follicles to the terminal arterioles (in human) or marginal sinuses (in rodents). These vessels end in the highly fenestrated network of sinuses in the red pulp, lined by different endothelial subsets Mebius and Kraal 2005) . In the red pulp of human spleens, blood capillaries expressing CD34 are located in the central parts of fibroblastic cords, without making direct anastomoses with sinuses identifiable through their endothelial CD141 expression. In addition, these vessels display CD8 and mannose receptor (Giorno 1984; Martinez-Pomares et al. 2005; Steiniger et al. 2007 ). In mice, our own observations indicate a similar complexity by using endothelium subset-reactive monoclonal antibodies (Balázs et al. 1999; Balázs et al. 2001) . Although capillaries with the characteristics of lymphatic vessels were described in mouse, it is uncertain whether real lymphatic vessels exist in the murine or human spleen and to what extent these contribute to lymphocyte recirculation or interstitial fluid flow (Pellas and Weiss 1990) .
Several transcription factors, including homeobox transcription factor Nkx2-3, have been identified as important regulators of spleen ontogeny (Brendolan et al. 2007; Pabst el al. 1999; Pabst et al. 2000; Wang et al. 2000) . Nkx2-3 transcription factor belongs to the structurally conserved Nk family of 18 members sharing a common DNA recognition sequence. This group of transcription factors is involved in the cell type specification of visceral mesoderm, including heart, lungs, pancreas, gastrointestinal tract, central nervous system, and skeleton, in a highly complex expression pattern (Stanfel et al. 2005 ). Furthermore, various members of the lymphotoxin/tumor necrosis factor (LT/TNF) family also crucially contribute to the formation of lymphoid compartments within the spleen, including the development of marginal sinus influenced by signaling through the receptor for lymphotoxin β (LTβR) (Fütterer et al. 1998) . In contrast to the vascular defects restricted to the marginal sinus in mice deficient for LTβR, however, nkx2-3 -/mice display an extensive range of vascular disorganization, manifested in the absence of the marginal sinus and an atrophic red pulp sinus network Pabst et al. 2000; Wang et al. 2000) . Other roles of Nkx2-3 related to altered lymphoid tissue induction outside the spleen have been suggested by the SNPs in patients with inflammatory bowel diseases, often associated with ectopic lymphoid tissue formation (Franke et al. 2008; Parkes et al. 2007) .
Here, we report that the spleen in nkx2-3 -/mouse contains LYVE-1 + vascular-like structures, without expressing Prox1 transcription factor. We also determine their structural, phenotypic, and developmental characteristics. Cell tracing experiments demonstrate that they are excluded from the systemic circulation. The formation of these structures is independent from the activity of LTβR, and the absence of Prox1 transcription factor suggests that these vessels may represent embryonic endothelial remnants in the spleen of adult Nkx2-3 mutant mice.
Materials and Methods Mice
Nkx2-3 -/mice from 129SvxB6 mixed background (Pabst et al. 1999) were backcrossed with BALB/c mice (obtained from Charles River, Gödöllő, Hungary) through 14 generations. C57Bl/6 and 129Sv Nkx2-3 mutants were maintained at the Technical University of Braunschweig. For homing studies, BALB/c mice from the faculty's SPF breeding unit were used as lymphocyte donor for adoptive transfer. LTβR-deficient mice (Fütterer et al. 1998) were kindly provided by Drs. Klaus Pfeffer and Falk Weih. All procedures involving live animals were conducted in accordance with the guidelines set out by the Ethics Committee on Animal Experimentation of the University of Pécs. The Nkx2-3/LTβR double knockout mice were identified in the F2 generation by simultaneous PCR amplification of the nkx2-3, neomycin phosphotransferase, and ltbr loci from genomic DNA using the following primer pairs: nkx2-3: forward GCGGGAGACTGTAAGACGAG, reverse TTATCCTGCCGCTGTCTCTT, amplicon size: 238 bp; neomycin phosphotransferase: forward GTCGATCAGGA TGATCTGGAC, reverse AAGGCGATAGAAGGCGATGC, amplicon size: 321 bp, ltbr: forward GCATGTAGCCAT GAAGACAGGAT, reverse CGCAAAGACAAACTCGC CTAT, amplicon size: 150 bp.
Antibodies and Reagents
Rat monoclonal antibody (mAb) against mouse fibroblastic reticular cell markers (clone ER-TR7) was kindly provided by Dr Willem van Ewijk. Anti-Thy-1/CD90 (clone IBL-1), IBL-11 mAb against reticular fibroblasts, anti-MARCO (clone IBL-12), and anti-sialoadhesin/CD169 (clone IBL-13) mAbs were developed in our laboratory (Balogh et al. 1992; Balogh et al. 2004; Kvell et al. 2006) . For multicolor immunofluorescence, IBL-1 mAb was conjugated with FITC (Sigma-Aldrich Hungary, Budapest) according to standard procedures. Rat hybridoma cell line secreting anti-B220 (clone RA3-6B2) was obtained from ATCC and was conjugated with Alexa 647 (Invitrogen, Csertex Ltd, Budapest). Rat mAb against LYVE-1 (clone 223322) was obtained from R&D Systems (Biomedica Hungary Kft, Budapest) and was biotinylated with sulfo-N-hydroxysuccinimide biotin ester (Sigma-Aldrich Hungary, Budapest). Anti-VEGFR-2/flk1 (vascular endothelial growth factor receptor Type 2) mAb (clone Avas 12α1) was obtained from BD Biosciences (Soft Flow Ltd, Pécs, Hungary). Rabbit antibodies against Prox1 were purchased from AngioBio (Del Mar, CA) and were detected with FITC-conjugated goat anti-rabbit IgG (Sigma-Aldrich, Hungary). Streptavidin-Alexa Fluor 350 was purchased from Invitrogen. Unlabeled rat mAbs were detected with phycoerythrin-conjugated goat anti-rat IgG purchased from BD.
Immunohistochemistry and Immunofluorescence
Frozen and acetone-fixed sections were blocked with 5% BSA in PBS for 20 min. Single immunofluorescence was performed using anti-LYVE-1 mAb followed by phycoerythrine (PE)-conjugated goat anti rat IgG. For multiple immunofluorescence, unlabeled rat mAbs were detected using PE-conjugated anti-rat IgG, followed by saturation with 5% normal rat serum. Subsequently, FITC-conjugated and biotinylated antibodies were added in cocktail, followed by the visualization of latter reagents with Streptavidin-Alexa Fluor 350. Control staining included irrelevant rat IgG at 10 µg/ml purified from normal rat serum using protein G affinity chromatography. After mounting, the sections were viewed under an Olympus BX61 fluorescent microscope. The acquisition of digital pictures with a CCD camera was performed using the analySIS software. The pictures were edited with Adobe Photoshop, using adjustments for brightness contrast and black level for the entire images.
Electron Microscopy
After removal the spleens were cut in 2 to 3 pieces at a volume less than 1 mm 3 . The tissue was placed in 2.5% buffered glutaraldehyde for 3 hr at room temperature under continuous agitation. Following fixation, the tissue was washed several times with phosphate buffer. The blocks were placed in 1% osmium tetroxide in 0.1 M phosphate buffer (pH: 7.2) for 1 hr. After osmication and washing, the tissue blocks were dehydrated in an ascending ethanol series, with uranyl acetate (1%) included in the 70% ethanol stage. The tissues were placed into aluminum-foil boats containing Durcupan resin (Sigma-Aldrich, Budapest) and then embedded in gelatin capsules containing the same resin. Semithin and serial ultrathin sections were cut with a Leica ultramicrotome. Semithin sections (1 µm thick) were mounted on glass slides and stained with toluidine blue. Ultrathin sections (80 nm thick) were mounted either on mesh or on collodion-coated (Parlodion, Electron Microscopy Sciences, Fort Washington, PA) single-slot, copper grids. Additional contrast was provided to these sections with uranyl acetate and lead citrate, and they were examined in JEOL 1200EX-II electron microscope. The negative photographs were developed and scanned into computer, from which digitalized pictures were generated.
Adoptive Cell Transfer
Lymphocytes from lymph nodes were isolated and labeled with 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE, Invitrogen) as described (Nolte et al. 2002) . For lymphocyte homing studies, 200 µl of cell suspension at 5 × 10 7 CFSE-labeled cells was injected intravenously, followed by the removal of spleen at various intervals. The distribution of cells was tested by immunofluorescence using anti-LYVE-1 in conjunction with PE-labeled anti-rat IgG.
Quantitative RT-PCR (qPCR)
Total RNA was isolated with RNeasy Plus Mini Kit (Qiagen, Budapest) and was treated with DNase I (Sigma-Aldrich, Budapest). cDNA was prepared with a High Capacity cDNA Archive Kit (Applied Biosystems, Budapest). PCR primers used for real-time quantitative amplification of Prox1, Pdpn, Flt4, Lyve1, 18S ribosomal RNA, and Hprt1 were designed by Primer Express Software (Applied Biosystems, Table 1 ). PCR reactions were run in triplicates using Power Sybr Green Master Mix (Applied Biosystems) on an ABI 7500 Real Time PCR System (Applied Biosystems). Standard curves were generated for each transcript and expression levels were normalized to β-actin.
Statistical Analysis
Normal distributions of means were tested with one-sample Kolmogorov-Smirnov test. Means were compared with oneway ANOVA followed by Bonferroni test. P values less than 0.05 were considered statistically significant. Statistical analyses were performed with SPSS 14.0 software.
Results

Presence of LYVE-1 + Endothelial Sacs in the Spleen of Mice Lacking Nkx2-3
Our previous work established the substantial alteration of blood vasculature of the red pulp in mice with deleted Nkx2-3 ). Further histological and electron microscopic analyses of nkx2-3 -/spleen revealed dilated vessel-like structures tightly filled with lymphocytes, reminiscent of lymphatic vessels ( Figure 1A and B ). Extended analysis using a battery of endothelium-subset specific antibodies included anti-LYVE-1 antibody, a marker frequently used to delineate lymphatic capillaries (Prevo et al. 2001) , in conjunction with IBL-11 mAb against circumferential reticulum cells in marginal zone as topographic marker (Balogh et al. 2004) . Staining spleen sections from Nkx2-3 mutant and wild-type samples with anti-LYVE-1 antibody resulted in intense labeling of mutants, completely delineating these structures. These vascular-cystic structures were mostly located at the periphery of the mutant organ ( Figure 1C ). In contrast, LYVE-1 immunofluorescence in wild-type spleen was limited to megakaryocytes in red pulp and platelets in the marginal zone outside the IBL-11-positive fibroblastic ring, without revealing any lymphatic capillaries ( Figure 1D) . The presence of LYVE-1 mRNA expression detectable by RT-PCR in platelet-enriched plasma and in bone marrow from wild-type mice is also consistent with its protein expression in these cell types ( Figure 1E ).
Biased Expression of mRNA of Lymphatic Endothelium-associated Marker Genes
Next we investigated whether the absence of Nkx2-3 affects the expression of mRNA for other lymphatic endothelium-associated genes using quantitative real-time PCR (qPCR) in adult mutant spleen and then compared it with wildtype controls. Our findings revealed a substantial upregulation of mRNA for LYVE-1 (66.8-fold) and podoplanin (12.1-fold, Pdpn also known as gp38; Breiteneder-Geleff et al. 1999) compared with Wild-type ( Figure 2 ). Both genes in mutant spleen reached expression levels comparable with peripheral lymph nodes (pLN) and mesenteric lymph nodes (mLN). In contrast, Prox1 (Wigle 1999) and Flt4 (Kaipanen et al. 1995 ) (also known as VEGFR-3), two other specific marker genes for mouse lymphatic endothelium, did not differ between the wild-type and mutant spleen. We also investigated the mRNA expression of Nkx2-3. We found that in wild-type pLN Nkx2-3, mRNA was undetectable, while in mesenteric lymph nodes (mLN) it was expressed at a lower level compared with wild-type spleen. Dual immunofluorescent labeling for Prox1 and LYVE-1 showed overlapping expression in normal pLNs but failed to reveal any Prox1 protein in Nkx2-3 mutant spleen ( Figure  3A-D) , in agreement with our results on the absence of upregulated Prox1 mRNA. However, the double staining of these structures with VEGFR-2/flk-1 and LYVE-1 indicated their endothelial, albeit non-LEC, origin ( Figure 3E -G), although the LYVE-1 + compartment of splenic vessels had a weaker VEGFR-2 staining compared with the LYVE-1segments ( Figure 3F ).
Internal Content and Stromal Tissue Microenvironment in LYVE-1+ Sacs
To investigate whether the LYVE-1 + sacs have any ordered arrangement of enclosed lymphocyte subpopulations, we stained mutant spleens for T and B cells. In addition, we also analyzed their mesenchymal and stromal surroundings using mAbs against fibroblastic reticular cells (FRCs) and resident splenic macrophage subsets. We found that similar to the T-cell dominance in these mutant spleens (Czömpöly et al. in press) , the LYVE-1 + structures overwhelmingly contained T cells. The B lymphocytes were typically arranged in a scattered pattern ( Figure 4A ). Macrophage subsets expressing MARCO or sialoadhesin/CD169 that in normal spleen delineate the marginal zone (Mebius and Kraal 2005) formed small clusters adjacent to the LYVE-1 + structures in mutant spleens ( Figure 4B and C) . In contrast, ER-TR7 + FRCs closely surrounded the LYVE-1 + endothelial cells. However, no ER-TR7 reactivity could be found within the sacs, indicating the absence of FRCs, in agreement with the cyst-like architecture of these structures ( Figure 4D ).
Limited Entry of Lymphocytes into LYVE-1 + Cysts
To test whether circulating lymphoid cells can enter the LYVE-1 + cysts, adoptive cell transfer experiments were performed. Tracing of CFSE-labeled lymphocytes after intravenous injection revealed only occasional transplanted cells within the LYVE-1positive compartment after 20 min and only a few scattered cells after 8 hr ( Figure 5 ). Cell counting revealed that the ratio between the cells located 
Formation of LYVE-1 + Structures in Nkx2-3 Mutant Spleen Is Initiated in the Embryonic Period and Does Not Require LTβR Signaling
In addition to adult LECs, murine embryonic vessels have recently been demonstrated to display LYVE-1 glycoprotein (Gordon et al. 2008) . To investigate whether the embryonic spleen contains LYVE-1 + vessels, we stained E18.5 spleens from both wild-type and Nkx2-3-deficient mice for LYVE-1 expression. We found that in Nkx2-3-deficient embryos, LYVE-1-positive structures were present although did not yet form discernible sacs. In contrast, in wild-type mice no such structures could be identified ( Figure 6A and B) . Shortly after birth in mutant mice, similar structures could be found typically within the central region of the spleen; however, by the second week the LYVE-1 + structures achieved adult-type appearance, including their repositioning to the peripheral segment of the organ (Figure 6C-F) .
In addition to promoting the maturation of blood vasculature in embryonic peripheral lymphoid organs into adult-type HEV, the sprouting of lymphatic capillaries may be influenced by LTβR by inducing the production of vascular endothelial growth factor (VEGF)-C, a lymphangiogenic ligand for VEGFR-3 (Vondenhoff et al. 2009 ). To test whether the formation of splenic LYVE-1 + structures in Nkx2-3 mutants requires LTβR, we established double mutants deficient for both Nkx2-3 and LTβR. We found that the LYVE-1-positive vessels were present in the double mutant spleens; thus, their formation is independent of LTβR signaling ( Figure 6G and H) . In addition, in double mutants the LYVE-1 + structures were more numerous in the central region than in Nkx2-3 single mutant samples, and their appearance was more similar to vascular than cyst-like structures.
Discussion
The present report describes the appearance of aberrant endothelial structures formed by cells resembling lymphatic endothelium in the spleen of mice deficient for homeodomain transcription factor Nkx2-3. To our knowledge, no such aberrant structures have been reported in other mutations affecting the splenic vasculature; thus, their study offers a unique opportunity to facilitate the understanding of splenic endothelial maturation and vascular patterning.
Beyond their importance as structural elements in peripheral lymphoid organs, the specification of vasculature is also essential for maintaining the immunological surveillance by simultaneously providing access during leukocyte homing, and entry routes for pathogens, via either lymphatic vessels in lymph nodes or bloodstream in spleen, respectively. In this process, several transcription factors and other morphogenic regulators have been identified that promote the embryonic specification toward lymphatic endothelium and the expansion of these LEC-committed cells. These factors include Prox1 and VEGFR-3, and their effects are marked by the continued expression of LYVE-1 and the induction of podoplanin as LEC-associated markers (Oliver and Srinivasan, 2010) . Furthermore, the blood vasculature in developing lymph nodes also undergoes substantial transformation into HEVs upon the engagement of LTβR (Browning et al. 2005) , which also promotes the local expansion of LECs (Vondenhoff et al. 2009) .
In contrast to the lymph nodes with detailed knowledge on the vascular specification, substantially less is known about the establishment of the splenic vasculature, mostly because of its complexity in both humans and mice . In mice the process of red pulp vascular maturation is nearly completed by the time of birth, apparently independently from the activity of LTβR during the embryonic period (Balázs et al. 2001; Vondenhoff et al. 2008) . In contrast, Nkx2-3 in a unique fashion blocks the development of the red pulp vasculature, and the absence of either Nkx2-3 or LTβR impairs the subsequent formation of marginal sinus in mice ). However, the expression of Nkx2-3 in spleen declines well before birth (Wang et al. 2000) , indicating that its absence is also likely to manifest during the embryonic period, supported by our finding of the late embryonic appearance of LYVE-1 + cell clusters in the spleen of Nkx2-3 mutants. In age-matched wild-type controls, LYVE-1 + vascular segments could be observed only in the stomach but not in the spleen (not shown). It is not yet known how the absence of Nkx2-3 results in the upregulation of Lyve1 mRNA, although in silico analyses for possible binding sites within the promoter region of Lyve1 gene indicate a number of putative recognition sequences, thus raising a possible repressor effect of Nkx2-3 for Lyve1 expression under normal conditions. Although the promoter region of Prox1 also contains putative Nkx2-3 recognition sequences, its unaltered expression in mutant spleens indicates that its expression is either unrelated to the activity of Nkx2-3 or that other members of the Nkx family (e.g., Nkx2-5) may compensate its absence.
The formation of lymphatic vessels is coupled with phenotypic maturation of LEC-committed endothelial cells, which is critically influenced by Prox1 fate-determining transcription factor. This process is characterized by the appearance of several LEC-associated cell surface molecules, including LYVE-1 and podoplanin. Although the expression of podoplanin/gp38 mRNA in mutants is also elevated, it can be attributed to the expanded fibroblastic reticular meshwork associated with the enlarged T-cell pool in these mutants (Bovári et al. 2007 ). Importantly, LYVE-1 molecule can also be displayed by inflammatory macrophages (Maruyama et al. 2005; Schledzewski et al. 2006) similarly to podoplanin/gp38, another marker for LECs, which can be expressed by splenic macrophages (Hou et al. 2010) . Together with our observation on the expression of LYVE-1 by megakaryocytes and platelets, this suggests that the usual phenotypic markers used for identifying LECs in lymph nodes and skin have other cellular reactivities in spleen. Thus we consider Prox1 as a cardinal LEC marker, and its absence together with that of VEGFR-3 suggests therefore that the postnatal persistence of LYVE-1 + vessels is independent from the LEC commitment, so it probably represents the persistence of embryonic endothelium (Gordon et al. 2008) , rather than the differentiation into LEC-committed endothelia, in adult Nkx2-3 mutant spleens. However, the expression of VEGFR-2/flk1 confirms that these structures are composed of non-LEC endothelial cells. In contrast, cell tracing studies also suggest that these LYVE-1 + cysts have only minimal exchange with either the systemic or lymphatic circulation. Although their formation is independent from the activity of LTβR, their increased number and capillary-like appearance in double mutants suggest some role for LTβR in their subsequent maturation.
The vascular malformations in human spleen are very rare and include various tumors and cysts (Kutok and Fletcher, 2003) . The few reported cases of lymphatic endothelial cysts in human spleens do not correspond to the LYVE-1 + structures in the Nkx2-3 mutants (Narita and Hizawa, 1995) . In contrast, Nkx2-3 is also expressed in gut, and Nkx2-3 in humans has recently been associated with risk factors for inflammatory bowel diseases, although the underlying pathomechanism is still unknown (Franke et al. 2008; Parkes et al. 2007) . It remains to be determined whether the formation of enteric lymphatic capillaries is also affected by the absence of Nkx2-3, similar to the reduction of Peyer's patches (Pabst et al. 2000; Wang et al. 2000) . Nevertheless, our data raise the possibility that endothelial differentiation and maturation, including the early commitment from embryonic vessels, may be affected by perturbed expression of Nkx2-3, which may contribute to aberrant lymphoid neogenesis and immunological functions in these diseases (Drayton et al. 2006 ).
